Glutamatergic systems, including AMPA receptors (AMPARs), are involved in opiate-induced neuronal and behavioral plasticity, although the mechanisms underlying these effects are not fully understood. In the present study, we investigated the effects of repeated morphine administration on AMPAR expression, synaptic plasticity, and context-dependent behavioral sensitization to morphine. We found that morphine treatment produced changes of synaptic AMPAR expression in the hippocampus, a brain area that is critically involved in learning and memory. These changes could be observed 1 week after the treatment, but only when mice developed contextdependent behavioral sensitization to morphine in which morphine treatment was associated with drug administration environment. Context-dependent behavioral sensitization to morphine was also associated with increased basal synaptic transmission and disrupted hippocampal long-term potentiation (LTP), whereas these effects were less robust when morphine administration was not paired with the drug administration environment. Interestingly, some effects may be related to the prior history of morphine exposure in the drug-associated environment, since alterations of AMPAR expression, basal synaptic transmission, and LTP were observed in mice that received a saline challenge 1 week after discontinuation of morphine treatment. Furthermore, we demonstrated that phosphorylation of GluA1 AMPAR subunit plays a critical role in the acquisition and expression of context-dependent behavioral sensitization, as this behavior is blocked by a viral vector that disrupts GluA1 phosphorylation. These data provide evidence that glutamatergic signaling in the hippocampus plays an important role in context-dependent sensitization to morphine and supports further investigation of glutamatebased strategies for treating opiate addiction.
Introduction
It has been suggested that drugs of abuse affect the neural substrates of learning and memory, which plays an important role in addiction (Vorel et al., 2001; Weiss, 2005) . Rodent models of drug addiction have demonstrated a role of drug-associated contexts in drug reward and relapse (Weiss, 2005; Shen et al., 2006; Koya et al., 2009; Rothwell et al., 2010; Bossert et al., 2011) . Moreover, it has been shown that rodents exhibit increased locomotor activity when repeated drug administration is paired with a context (context-dependent behavioral sensitization). This effect is less robust when drug administration is not paired with an environment (Koya et al., 2009; Liang et al., 2011a,b) . Previous stud-ies have found that contextual conditioning with either cocaine or amphetamine requires the hippocampus (Meyers et al., 2006; Shen et al., 2006) . However, it remains unknown whether context-dependent behavioral sensitization to morphine is hippocampus dependent.
AMPA receptors (AMPARs) are a subclass of glutamate receptors that mediate the majority of fast excitatory transmission in the brain. In the adult hippocampus, the GluA1 and GluA2 subunits play a key role in activity-dependent synaptic trafficking of AMPARs (Wang et al., 2005) . Drug-induced changes to synaptic AMPAR expression can alter spine morphology and lead to changes in synaptic strength (Russo et al., 2010) . We have previously observed increased insertion of GluA2-lacking AMPARs in hippocampal synapses 12 h after repeated morphine administration. This was mainly due to increased GluA1 and GluA3 levels at the postsynaptic density (PSD), with total levels of GluA2 being unaltered (Billa et al., 2010) . However, the cellular mechanisms underlying these effects remain unknown, and it is unclear whether alterations of AMPAR expression can be observed at later time points when animals are exposed to the drugassociated environment and whether the observed biochemical changes are responsible for morphine-induced behavioral adaptations such as context-dependent behavioral sensitization.
The present study uses a multifaceted approach to examine the underlying neural substrates of context-dependent behav-ioral sensitization. We provide evidence that repeated morphine treatment produces changes in AMPAR trafficking and synaptic expression in the hippocampus. Morphine-induced alterations of synaptic AMPAR expression can be observed 1 week later, following context-dependent behavioral sensitization, and they are associated with increased basal synaptic transmission and disrupted long-term potentiation (LTP). These alterations are reduced or absent when morphine treatment is not paired with a context. In addition, our findings indicate that the administration of morphine in the drug-associated environment is sufficient to promote changes in AMPAR expression and function, since alterations in AMPAR expression, synaptic transmission, and plasticity are observed in mice that received a saline challenge 1 week after discontinuation of morphine treatment. Finally, we demonstrate that changes in synaptic AMPAR expression and trafficking that occur during repeated morphine treatment are required for context-dependent behavioral sensitization, as this behavior is blocked when hippocampal GluA1 phosphorylation is disrupted. These data provide evidence that AMPAR composition and function in the hippocampus play an important role in context-dependent behavioral sensitization to morphine.
Materials and Methods
Animals and morphine treatment. Experimental protocols involving animals were approved by the Institutional Animal Care and Use Committee at Columbia University, according to the U.S. Department of Agriculture Animal Welfare Act (Public Law 89-544) and the National Institutes of Health's Guide for the Care and Use of the Laboratory Animals (Department of Health, Education, and Welfare Publication No. 85-23, revised 1985) . Six-to 8-week-old male C57BL/6 mice (20 -25 g) (Harlan) were maintained on a 12 h light/dark cycle and allowed to acclimatize to their environment for 1 week before drug administration. Morphine sulfate was dissolved in saline at the concentration of 1 mg/ml. For the experiments in which we examined the effects of repeated morphine administration, mice were injected intraperitoneally with escalating doses of morphine (5, 8, 10 , and 15 mg/kg) or equivalent volume of saline in their home cages every 12 h as described previously (Moró n et al., 2007; Billa et al., 2010) . Animals were killed either at 12 h or 1 week after the last injection. The hippocampi were dissected and stored at Ϫ80°C until use.
Context-dependent behavioral sensitization. In a first set of experiments, we assessed context-dependent behavioral sensitization to morphine using four identical chambers (41.5 ϫ 41.5 ϫ 30 cm) equipped with photobeams that detected locomotor activity (AccuScan Instruments). Mice were randomly assigned to three groups (n ϭ 6 -8 per group; for a schematic of the behavioral experiments, see Fig. 4 A) . Mice received four training sessions in the locomotor activity chambers (once every 12 h) and were administered saline or escalating doses of morphine (5, 8, 10 , and 15 mg/kg) during training. Seven days later, locomotor activity was assessed following a challenge dose of saline or 5 mg/kg morphine. All sessions began with a habituation period in which mice were treated with saline and allowed to explore the locomotor activity chambers for 60 min. Following habituation, mice received an injection of saline or morphine in the locomotor activity chambers and activity was measured for 90 min. All mice were killed by decapitation 90 min after receiving the challenge injection, and hippocampi were dissected for use in electrophysiology or immunoblotting experiments described below.
In a second set of experiments, we investigated whether the effects of morphine on locomotor activity were context dependent. Mice were assigned to one of three groups (n ϭ 6 -8 per group; see Fig. 4 B) . Mice assigned to the morphine unpaired condition received the initial injection of 5 mg/kg morphine in the locomotor activity chambers and received the remaining doses of morphine (8, 10, and 15 mg/kg) in their home cage. Seven days later, morphine unpaired mice received a 5 mg/kg morphine or saline challenge and locomotor activity was assessed for 90 min. Mice in the morphine-paired and saline-paired groups received all injections in the locomotor activity chambers as described in the previous experiment.
A third set of experiments investigated whether the above-described procedure of morphine administration in the drug-associated environment could trigger a conditioned response 1 week later when animals receive a challenge injection of saline (n ϭ 8 per group; see Fig. 4C ). During training, mice were treated with escalating doses of morphine (5, 8, 10, and 15 mg/kg) in the locomotor activity chambers in the same manner as described in the first behavioral experiment. One week later, mice received a saline injection before a 60 min habituation period and were treated with a second saline injection in the locomotor activity chambers, and activity was recorded for 90 min. Control mice in this experiment received saline injections throughout the experiment. Following all behavioral experiments, mice were killed by decapitation, and hippocampi were dissected for electrophysiology or immunoblotting experiments described below.
Surgeries and viral gene transfer. We used a viral vector that expressed a mutated version of the GluA1 protein in which the S845 phosphorylation site is no longer functional (S845A). Specifically, the S845A GluA1 protein has a serine-to-alanine substitution in position 845 of the GluA1 protein that disrupts phosphorylation at the S845 site that can be observed 3 d after infection (see Fig. 7B ). This viral vector was characterized and validated in previous studies (Carlezon et al., 2000; Christoffel et al., 2011) . Mice (n ϭ 6 -8 per group) were anesthetized with isoflurane (5% for induction, 2.5% for maintenance) and were placed in a stereotaxic apparatus (VWR Instruments). The skull was exposed and aligned so that the height of lambda and bregma was identical. Four holes were drilled into the skull, and a Hamilton syringe (Hamilton Co.) was used to bilaterally infuse 0.5 l of herpes simplex virus (HSV) expressing the S845A GluA1 protein (HSV-S845A), a vector expressing the control protein lacZ (HSV-lacZ), or expressing a control green fluorescent protein (HSV-GFP). Viral vectors were infused into the hippocampus at the following sites: Ϫ1.7 mm anterior/posterior (AP), Ϯ1.5 mm medial/ lateral (ML), Ϫ1.8 mm dorsal/ventral (DV); Ϫ3.0 mm AP, Ϯ3.0 mm ML, Ϫ2.2 mm DV; Ϫ3.0 mm AP, Ϯ3.0 mm ML, Ϫ4.1 mm DV (all coordinates posterior to bregma; see Fig. 7A ). Mice infused with HSV-GFP were killed 3 d later and hippocampal slices were visualized under a fluorescent microscope to determine the spread of HSV-GFP in the hippocampus (see Fig. 7A ). For behavioral experiments, mice were trained and tested in context-dependent behavioral sensitization in the same manner as described above; training began 3 d after the viral vector infusion. Mice that received HSV-S845A were treated with escalating doses of morphine, whereas mice that received HSV-lacZ were administered saline or escalating doses of morphine during context-dependent behavioral sensitization. Infusion of HSV vectors produces an increase in protein expression that peaks ϳ3 d after infusion and returns to basal levels 6 d after infusion (Barrot et al., 2002) . Therefore, the acquisition of context-dependent behavioral sensitization occurred during a peak period of protein overexpression (3-4 d after infection), whereas expression of behavioral sensitization was measured 11 d after infection during which protein expression has likely returned to basal levels.
TUNEL staining. We used TUNEL staining to detect DNA fragmentation that could be related to the overexpression of GluA1 S845A by viral vector infusion in the hippocampus. In situ labeling of fragmented DNA was performed with TUNEL staining (green fluorescence) 5 d after viral infusion using a commercially available in situ cell death detection kit (Roche) according to the instructions provided by the manufacturer as previously described (Lee et al., 2004) .
Subcellular fractionation. Subcellular fractionation to obtain the PSD was performed as previously described (Moró n et al., 2007; Billa et al., 2009 Billa et al., , 2010 . Briefly, hippocampi from individual mice were homogenized in 0.32 M sucrose solution containing 0.1 mM CaCl 2 , protease and phosphatase inhibitors (Sigma-Aldrich). The homogenate was then adjusted to a final concentration of 1.25 M sucrose by adding 2 M sucrose and 0.1 mM CaCl 2 . The homogenate was placed in an ultracentrifuge tube, overlaid with 1 M sucrose, and centrifuged at 100,000 ϫ g for 3 h at 4°C. The synaptosomal fraction was collected at the 1.25 M/1 M sucrose interface and then solubilized in 20 mM Tris-HCl, pH 6.0, buffer containing 1% Triton X-100 (TX-100) for 20 min at 4°C with gentle rotation.
The synaptosomal fraction was then centrifuged at 40,000 ϫ g for 30 min at 4°C. The resulting pellet, containing isolated synaptic junctions, was resuspended in 20 mM Tris-HCl, pH 8, 1% TX-100, and 0.1 mM CaCl 2 , and incubated at 4°C for 20 min to separate the presynaptic fraction. After centrifuging at 40,000 ϫ g for 30 min at 4°C, the insoluble pellet containing the PSD fraction was collected, dissolved in 1% SDS, and kept at Ϫ80°C until use.
The synaptosomal fraction was obtained as previously described (Moró n et al., 2002 (Moró n et al., , 2007 . Briefly, hippocampi were homogenized in 10 mM Tris-HCl buffer, pH 7.4, containing 0.320 M sucrose, 1 mM EDTA, and protease and phosphatase inhibitors (Sigma-Aldrich). The homogenate was centrifuged at 1000 ϫ g for 5 min, and the supernatant was collected and centrifuged again at 16,000 ϫ g for 15 min. After washing once in the lysis buffer, the resulting pellet was dissolved in 0.1% Triton-Tris buffer with gentle mixing at 4°C for 20 min and then subjected to centrifugation at 20,000 ϫ g for 30 min. The pellet was collected as the synaptosomal membrane fraction.
Immunoblotting. Equal amounts of protein (10 g) were loaded and separated in 10% SDS-polyacrylamide gels and then transferred to nitrocellulose membranes. Membranes were incubated overnight at 4°C with selective antibodies to N-ter GluA1 (1:1000), phospho-GluA1S845 (1: 1000), N-ter GluA2 (1:1000), phospho-GluA2Y876 (1:1000), PSD95 (1: 1000), GRIP1 (1:1000), PICK1 (1:1000), and stargazin (1:1000). All the antibodies used in this study were from Millipore Bioscience Research Reagents unless otherwise indicated. The membranes were then incubated with either HRP-conjugated or fluorescent secondary antibody. After extensive washes, blots were visualized by either enhanced chemiluminescence (ECLplus; GE Healthcare) according to the manufacturer's instruction or scanned directly by the Odyssey infrared fluorescent imaging system (LI-COR Biosciences). To ensure equal protein loading, membranes were reprobed with an antibody selective to actin (Millipore Bioscience Research Reagents). Actin was chosen as a loading control because it is highly concentrated in the PSD (Matus et al., 1982) . Actin levels did not change across any drug treatment for all experiments. Quantification was performed by comparing the intensity of the band with protein-specific antibodies to actin band intensity to control for variation in loading and transfer. These values were normalized to saline control values.
Coimmunoprecipitation. Coimmunoprecipitation was performed as previously described (Moró n et al., 2007; Billa et al., 2010) with some modifications. In brief, 4 -5 g of GluA1, GluA2, stargazin, PSD95, or clathrin antibodies were incubated with 20 l of 50% protein A agarose slurry (Thermo Fisher Scientific) for 4 h at 4°C. The beads bound with antibody were pelleted by centrifugation at 1000 ϫ g for 2 min and washed three times with 0.1% Tris-buffered saline (TBS)/Triton X-100. PSD fractions (100 g) were added to 500 l of 0.1% TBS/Triton X-100 and incubated with the antibody-conjugated beads overnight with gentle rocking at 4°C. The immunoprecipitates were then collected by centrifugation at 1000 ϫ g for 2 min to pellet the agarose-bound antibody. After washing three times with ice-cold Tris-buffered saline containing 0.1% Tween 20 (TBST), the immunoprecipitates were resuspended in 2 ϫ Laemmli sample buffer and boiled for 5 min to dissociate the proteins from beads. After removal of the beads by centrifugation at 2000 ϫ g for 2 min, the supernatant was subjected to SDS-PAGE separation and the target proteins were detected by immunoblotting.
Protein cross-linking using BS 3 . Levels of cell surface and intracellular AMPAR subunit proteins were analyzed using a protein cross-linking assay as previously described (Boudreau and Wolf, 2005) . Briefly, slices of 400 m thickness were prepared from fresh hippocampi and allowed to recover in 95% O 2 /5% CO 2 saturated artificial CSF (ACSF) (117 mM NaCl, 2.5 mM KCl, 1.3 mM NaH 2 PO 4 , 1.2 mM MgSO 4 , 2.0 mM CaCl 2 , 26 mM NaHCO 3 , and 12 mM glucose) for 10 min. Next, hippocampal slices were incubated with 2 mM BS 3 in ACSF for 30 min at 4°C with gentle agitation. The reaction was quenched by adding 100 mM glycine. After brief washing in cold ACSF, the slices were collected and the synaptosomal fraction was obtained as described above. Unmodified (intracellular) and cross-linked (cell surface) AMPAR subunits were separated by SDS-PAGE and detected as described above.
Electrophysiology. Mice were killed by decapitation immediately following context-dependent behavioral sensitization, and brains were removed rapidly in an ice-cold cutting solution containing 175 mM sucrose, 7 mM MgCl 2 , 2.5 mM KCl, 1.2 mM NaH 2 PO 4 , 0.5 mM CaCl 2 , 26 mM NaHCO 3 , and 25 mM glucose. Brains were mounted on a platform and sliced at 350 -400 m thickness while submerged in an ice-cold cutting solution. Slices were transferred to beakers that contained ACSF and incubated for at least 30 min. After incubation, slices were transferred to the recording chamber. The temperature of both the incubating and recording chambers was maintained at 30 Ϯ 1°C, and 95% O 2 /5% CO 2 was bubbled continuously during dissection, incubation, and recording.
A concentric bipolar stimulating electrode placed in the Schaffer collateral pathway was used to evoke synaptic responses, and a glass Ag/AgCl electrode filled with ACSF was used to record extracellular field EPSPs (fEPSPs) in the stratum radiatum of CA1. At the start of each experiment, a stimulus-response curve was constructed by recording fEPSPs after stimulating the slice with increasing intensities. Following a 20 min recording of baseline synaptic responses, LTP was induced by two highfrequency stimulation trains (100 Hz, 1 s duration) separated by a 20 s intertrain interval. During LTP recording, pulses at an intensity eliciting 50% of a maximum slope were used.
Visualized whole-cell patch-clamp recordings were made from the CA1 area of the hippocampus with recording pipettes containing the following (in mM): 130 Cs-methylsulfonate, 10 Na-methylsulfonate, 10 EGTA, 1 CaCl 2 , 10 HEPES, 5 QX-314 ⅐ Cl, 0.1 spermine tetrahydrochloride, 2 Mg 2ϩ -ATP. Osmolarity was adjusted to 280 -290 osmol L Ϫ1 and pH to 7.35-7.4 with CsOH. Open pipette resistance was 2-4 M⍀, and access resistance during recordings was Ͻ20 M⍀. Evoked EPSCs were recorded (Axopatch 200B; Molecular Devices) in neurons voltage clamped at Ϫ70 mV holding potentials. To isolate AMPA-mediated responses, the experiments were performed in the presence of NMDA, GABA A , and GABA B receptor blockers: 50 mM D-APV (2-amino-5-phosphonovalerate), 100 mM picrotoxin, and 2 mM CGP55845 [(2S)-3-[[(1S)-1-(3,4-dichlorophenyl)ethyl]amino-2-hydroxypropyl](phenylmethyl)phosphinic acid hydrochloride]. The records were filtered at 1 kHz.
Data acquisition and analysis were performed using Clampex and Clampfit 8.2 (Molecular Devices).
Data analysis. Results are expressed as the mean Ϯ SEM. For experiments with two groups, statistical comparisons were made using twotailed unpaired t tests, whereas data from experiments with three or more groups were analyzed using one-way ANOVAs followed by Tukey's post hoc comparisons. Linear regression was used to compare the slopes of fiber volley (FV)-fEPSP ratios. Significance was set at p Ͻ 0.05. Statistical analyses of data were generated by using Prism software (version 5.0; GraphPad Software).
Results

Administration of escalating doses of morphine in the home cage increases the phosphorylation levels of both GluA1 and GluA2 subunits
It is thought that phosphorylation of AMPAR subunits controls synaptic targeting and function of AMPARs (Ehlers, 2000; Lee et al., 2000) . We examined the effects of morphine on the phosphorylation levels of GluA1 at the S845 site, which is known to be phosphorylated by PKA (Colledge et al., 2000) and can ultimately lead to receptor insertion in the membrane (Ehlers, 2000; Lee et al., 2000) . Figure 1 shows that, 12 h after treatment of mice with escalating doses of morphine in the home cage, there was a significant increase in GluA1 S845 phosphorylation in the total homogenate ( Fig. 1 A; n ϭ 3-4 per group; t (5) ϭ 2.97; p ϭ 0.03), in the crude synaptosomal fraction ( Fig. 1 B; n ϭ 4 per group; t (6) ϭ 4.58; p ϭ 0.004), and in the PSD (Fig. 1C ; n ϭ 3-4 per group; t (5) ϭ 3.68; p ϭ 0.01). These data indicate that escalating doses of morphine increase GluA1 S845 phosphorylation, which could affect synaptic trafficking of GluA1-containing AMPARs.
Next, we examined the effects of repeated morphine administration on the Y876 phosphorylation site of the GluA2 subunit, a site phosphorylated by Src family tyrosine kinases (Hayashi and Huganir, 2004; Wang et al., 2005) . Figure 1 shows that Y876 phosphorylation increased in the total homogenate ( Fig. 1 A; n ϭ 4 per group; t (6) ϭ 4.22; p ϭ 0.006) and the PSD (Fig. 1C ; n ϭ 3-4 per group; t (5) ϭ 3.04; p ϭ 0.03) but remained unchanged in the synaptosomal fraction ( Fig. 1 B) after morphine treatment. It is important to note that, unlike GluA1 S845 phosphorylation, which could be partially responsible for the synaptic insertion of the subunit (Wolf et al., 2004; Jiang et al., 2006) , studies that have investigated phosphorylation of GluA2 at Y876 have yielded mixed results. Specifically, Hayashi and Huganir (2004) reported that Y876 phosphorylation leads to a removal of the GluA2 subunit from the synapse, whereas Moult et al. (2006) have found that tyrosine dephosphorylation may lead to synaptic removal of GluA2-containing AMPARs. Together, these data suggest that repeated morphine administration triggers an increase in overall GluA2-lacking receptor expression at the synapse by simultaneously increasing synaptic insertion of GluA1 subunits and possibly a removal of GluA2 subunits from the synapse.
The interaction between GluA1 and GluA2 and their respective PDZ domain-containing proteins at the synapse are differentially affected by the administration of escalating doses of morphine
The targeting of AMPAR subunits to and from the synapse is regulated by several PDZ domain-containing proteins such as stargazin, GRIP1, and PICK1 (Díaz, 2010) . As repeated morphine administration alters GluA1 and GluA2 phosphorylation at the synapse ( Fig. 1 A-C) , it is possible that morphine may alter the synaptic expression of AMPAR subunits by regulating the interactions between the receptor subunits and PDZ domain-containing proteins. Therefore, we performed coimmunoprecipitation experiments in hippocampal PSD fractions that directly analyzed the effects of morphine on the association between GluA1 and stargazin/PSD95 and between GluA2 and GRIP1/PICK1. Interestingly, the association between stargazin and GluA1 in the PSD was significantly enhanced 12 h following morphine administration in the home cage ( Fig. 1 D; n ϭ 3-4 per group; t (5) ϭ 4.11; p ϭ 0.009). Furthermore, the association between PSD95 and stargazin was increased in morphine-treated mice Twelve hours after treatment with escalating doses of morphine in the home cage, pGluA1 was increased in the homogenate, synaptosomal fraction, and the PSD relative to saline-treated mice, whereas pGluA2 was increased only in the total homogenate and PSD. Furthermore, repeated morphine treatment differentially alters synaptic targeting of GluA1 and GluA2 AMPAR subunits in the homogenate. D, The association between stargazin and GluA1 and the association between PSD95 and GluA1 were increased 12 h after treatment with escalating doses of morphine. E, The association between GRIP1 and GluA2 decreased 12 h after repeated morphine treatment, whereas no changes were observed in the association between PICK and GluA2. Inset, Representative blot showing stronger association of stargazin with GluA1 than with the GluA2 subunit. N ϭ 3-4. *p Ͻ 0.05, morphine versus saline, unpaired t test. Error bars indicate SEM.
( Fig. 1 D; n ϭ 3-4 per group; t (5) ϭ 4.10; p ϭ 0.009), suggesting that morphine administration triggers the formation of a GluA1/ stargazin/PSD95 complex at the PSD, which would enhance the synaptic insertion and immobilization of GluA1. We also investigated possible interactions between GluA2 and stargazin, as stargazin can interact with all AMPAR subunits (Díaz, 2010; Kato et al., 2010) . However, stargazin was absent in the immunoprecipitate obtained with antibody for GluA2 (data not shown). To confirm the lack of an interaction between stargazin and GluA2 in the PSD, we examined the levels of stargazin in the unbound fraction, which contains proteins that do not precipitate with the antibody-beads complex. As expected, levels of stargazin remaining in the unbound fraction after immunoprecipitation with antibody to GluA2 were higher than those observed after immunoprecipitation with the antibody for GluA1 ( Fig. 1 D, inset; n ϭ 3 per group; t (4) ϭ 4.85; p ϭ 0.008). This suggests that, in the PSD, stargazin is preferentially associated to the GluA1 subunit in the hippocampus. Next, we examined the effects of morphine on the association between GluA2 and GRIP1/PICK1. We observed that repeated morphine administration significantly disrupted the interaction between GluA2 and GRIP1, whereas the association between GluA2 and PICK1 remained unaltered ( Fig. 1 E; n ϭ 3-4 per group; t (5) ϭ 2.66; p ϭ 0.04). These data are in agreement with previous studies showing that phosphorylation of GluA2 at Y876 disrupts GRIP1/GluA2 interactions (Hayashi and Huganir, 2004; Wang et al., 2005) . Overall, these data indicate that repeated morphine administration alters protein-protein interactions between AMPAR subunits and their regulatory proteins at the synapse, which could in turn affect the synaptic insertion of these receptors. These alterations of AMPAR synaptic targeting by morphine may lead to changes in neuroplasticity at later time points that could lead to dysfunctional changes in behavior.
Administration of escalating doses of morphine promotes internalization of GluA2 in the synaptosomal fraction
The data shown above suggest that morphine affects synaptic insertion of AMPARs by altering the interaction between the different receptor subunits and their regulatory proteins. To directly examine this, we analyzed the effects of morphine on cell surface expression of AMPAR subunits using a protein cross-linking assay with BS 3 (Boudreau and Wolf, 2005) . Figure 2 A shows that there were no significant changes in the cell surface levels of GluA1 in the synaptosomal fraction 12 h after morphine administration in the home cage. It is possible that the observed increase in phosphorylation of GluA1 in the synaptosomal fraction and at the PSD (Fig. 1 B, C) is not due to increased cell surface expression. However, it is also possible that the observed increase in GluA1 insertion is produced locally at the PSD, and therefore cannot be detected using this cross-linking protocol. However, Figure 2 B shows that repeated morphine administration led to a significant decrease of GluA2 levels in the cell surface ( Fig. 2 B; n ϭ 3 per group; t (4) ϭ 4.36; p ϭ 0.01) and in the S/I ratio ( Fig. 2 B; n ϭ 3 per group; t (4) ϭ 3.28; p ϭ 0.03), suggesting that morphine causes internalization of GluA2 subunits in the synaptosomal fraction. Because AMPARs are known to undergo clathrindependent endocytosis (Man et al., 2000) , we next investigated the effect of morphine on the association of GluA2 with clathrin in the synaptosomal fraction. Levels of clathrin associated with GluA2 were significantly increased following morphine treatment ( Fig. 2C ; n ϭ 3-4 per group; t (5) ϭ 2.65; p ϭ 0.04). Therefore, these data indicate that repeated morphine administration decreases cell surface expression of GluA2 in the synaptosomal fraction by triggering its internalization via a clathrin-dependent mechanism.
Together, these data demonstrate that the repeated administration of morphine in the home cage produces short-term changes in hippocampal GluA1 and GluA2 phosphorylation and alters the interaction between PDZ domain-containing proteins and AMPAR subunits. Next, we examined whether these alterations in the expression and phosphorylation of AMPAR subunits could be observed 1 week later. Mice were treated in the home cage with escalating doses of morphine as described above, but in this case they were killed 1 week after the last morphine injection. Figure 3 shows that there were no changes in either the expression or the phosphorylation of GluA1 and GluA2 AMPAR subunits in the total homogenate or in the PSD. Overall, these results show that repeated morphine treatment in the home cage can lead to short-term alterations of GluA1 and GluA2 AMPAR subunit expression, but these changes are no longer present after 1 week.
Behavioral sensitization following treatment with escalating doses of morphine is selectively expressed in a drug-associated environment
Morphine-induced changes in AMPARs were not observed 1 week later when morphine was administered in the home cage. However, a question that remains unresolved is whether the drug-associated environment triggers alterations to behavior, synaptic plasticity, and AMPAR function in the hippocampus. We used context-dependent behavioral sensitization to investigate learned associations between morphine and the drug administration environment. Mice were treated with escalating doses of morphine (5, 8, 10, and 15 mg/kg) in a novel context every 12 h and locomotor activity was recorded (for schematic, see Fig. 4 A) .
Enhanced locomotor activity was observed following treatment with 10 ( Fig. 4 A; n ϭ 8 per group; F (2,19) ϭ 8.62; p ϭ 0.002) and 15 mg/kg morphine ( Fig. 4 A; n ϭ 8 per group; F (2,19) ϭ 80.42; p Ͻ 0.0001). One week later, a challenge of 5 mg/kg morphine produced sensitized locomotor activity in the drug-associated context ( Fig. 4 A; n ϭ 8 per group; F (2,19) ϭ 37.08; p Ͻ 0.0001) compared with mice treated with saline. Furthermore, morphine-treated mice exhibited sensitization to 5 mg/kg morphine relative to the initial effects of 5 mg/kg morphine ( Fig. 4 A; n ϭ 8 per group; t (14) ϭ 6.05; p Ͻ 0.0001). It is possible that the effect of escalating doses of morphine on locomotor activity may not be due to associations between morphine and the context, but rather to other processes such as changes in motor function. Therefore, we treated mice with escalating doses of morphine using an unpaired design in which morphine was administered in different drug administration environments (for schematic, see Fig. 4 B) . In these conditions, mice showed no increase in locomotor activity following treatment with a 5 mg/kg challenge dose of morphine (p Ͼ 0.05), whereas mice that received context-dependent morphine treatment exhibited behavioral sensitization (Fig. 4 B; n ϭ 8 per group; F (2,22) ϭ 12.31; p ϭ 0.0003). These data indicate that associations between repeated morphine treatment and the drug administration environment can produce robust behavioral adaptations that may model drug-seeking behavior (Robinson and Berridge, 1993) . Furthermore, behavioral sensitization to morphine was selectively expressed in a drug-associated environment, suggesting that this effect was due to the association between morphine and the drug administration environment, and not due to other processes such as motor function.
Mice that received context-dependent morphine treatment showed sensitization to a challenge dose of morphine, but it is unknown whether context-dependent treatment with escalating doses of morphine is sufficient to trigger a conditioned response 1 week later (for schematic, see Fig. 4C ). Thus, we performed experiments in which mice received escalating doses of morphine using a paired design and then were treated with a saline challenge 1 week later. Treatment with 10 mg/kg ( Fig. 4C ; n ϭ 8 per group; t (14) ϭ 2.64; p ϭ 0.02) and 15 mg/kg ( Fig. 4C ; n ϭ 8 per group; t (14) ϭ 4.55; p ϭ 0.0005) morphine enhanced locomotor activity. One week later, saline was administered in the context and a significant enhancement in locomotor activity was observed relative to control mice that received saline during both the training and the challenge ( Fig. 4C ; n ϭ 8 per group; t (14) ϭ 2.95; p ϭ 0.01). However, this effect was less robust than that observed after the administration of a morphine challenge ( Fig.  4 A) . Locomotor activity in morphine-treated mice that received a saline challenge was also enhanced relative to the initial effects of 5 mg/kg morphine ( Fig. 4C ; n ϭ 8 per group; t (14) ϭ 4.57; p ϭ 0.0005). Therefore, these data show that context-dependent morphine treatment was sufficient to produce a conditioned response (i.e., increased locomotor activity) and that this effect was magnified when animals received a drug challenge injection 1 week after discontinuation of morphine treatment.
Phosphorylation of the GluA1 subunit is increased following context-dependent behavioral sensitization
We have shown that escalating doses of morphine in the home cage can produce alterations of synaptic AMPAR expression ( Fig.  1) ; however, these effects are no longer observed when animals are killed 1 week after morphine administration (Fig. 3 ). Therefore, it is possible that morphine-induced changes to AMPAR expression may depend on whether morphine administration is associated with the drug administration environment. To test this, hippocampi were collected following contextdependent behavioral sensitization and changes in synaptic AMPAR expression were assessed. The results from immunoblotting experiments showed changes in the expression and synaptic redistribution of AMPARs following context-dependent behavioral sensitization. We found that morphine-treated mice that exhibited context-dependent behavioral sensitization following a 5 mg/kg morphine challenge 1 week later had increased pGluA1 ( Fig. 5A ; n ϭ 4 per group; F (2,9) ϭ 5.92; p ϭ 0.02) and GluA1 levels ( Fig. 5A ; n ϭ 4 per group; F (2,9) ϭ 7.00; p ϭ 0.01) in the total homogenate compared with saline-treated mice. Furthermore, the expression of context-dependent behavioral sensitization to morphine was associated with an increase in pGluA1 ( Fig. 5A ; n ϭ 3-4 per group; F (2,8) ϭ 9.56; p ϭ 0.008) and a decrease in GluA2 levels ( Fig. 5A ; n ϭ 3-4 per group; F (2,9) ϭ 7.85; p ϭ 0.01) in the PSD. Interestingly, no changes in AMPAR expression or phosphorylation were observed in mice that were repeatedly treated with saline and then received an acute challenge of morphine. These data indicate that the observed changes following context-dependent sensitization were not due to the acute challenge that mice received 90 min before these biochemical analyses.
Changes in synaptic AMPAR expression were only observed when mice were treated with escalating doses of morphine using a paired design, as mice that received repeated morphine treatment in an unpaired design showed no changes in behavior upon receiving a morphine challenge (Fig. 4 B) and no changes in synaptic AMPAR expression ( Fig. 5C ; p Ͼ 0.05). However, pGluA2 was increased in the total homogenate in mice that received unpaired morphine treatment ( Fig. 5C ; n ϭ 3-4 per group; t (6) ϭ 6.06; p ϭ 0.0009). Together, these data suggest that the effects of repeated morphine treatment on synaptic AMPAR expression can be observed 1 week later only if morphine treatment is paired with a context and these changes are associated with the expression of behavioral sensitization when mice receive a morphine challenge 1 week later. In contrast, changes in synaptic AMPAR expression are not observed when morphine administration is not consistently associated with the drug administration environment; this is in agreement with the lack of behavioral sensitization observed in these mice upon the administration of the morphine challenge.
As shown in Figure 4C , context-dependent treatment with escalating doses of morphine was sufficient to produce a conditioned response. Therefore, changes in AMPAR expression were examined in mice that received context-dependent morphine treatment followed by a saline challenge 1 week later. We found that morphine-treated mice that exhibited a conditioned response after a saline challenge had increased GluA1 and decreased pGluA2 levels in the PSD (Fig. 5B ; n ϭ 3-4 per group; t (5) ϭ 3.83, p ϭ 0.01, and t (5) ϭ 2.78, p ϭ 0.04, respectively), whereas pGluA1 levels were decreased in the total homogenate ( Fig. 5B ; n ϭ 3-4 per group; t (5) ϭ 2.80; p ϭ 0.02). These data suggest that changes in AMPAR expression observed 1 week after drug treatment depend upon two factors: the conditions in which escalating doses of morphine were administered (paired vs unpaired administration) and whether a challenge dose of morphine or saline was given 1 week after the context-dependent morphine treatment.
Basal synaptic transmission is increased but hippocampal LTP is impaired following context-dependent behavioral sensitization
We have previously reported that repeated morphine administration acutely increases basal synaptic transmission in the hippocampus (Billa et al., 2010) . Therefore, we next investigated whether context-dependent behavioral sensitization to morphine could lead to changes in the stimulus-response curves of fEPSPs in the hippocampus. Mice that received contextdependent morphine treatment exhibited a significantly greater response than saline-treated mice when slices were stimulated with 5-8 V (Fig. 6 A; lation with 6, 7, or 8 V (Fig. 6 A) . To test whether the differences in synaptic transmission were due to differences in the positioning of the stimulating electrode, we plotted fEPSP slope against FV amplitude. Figure 6 A, inset, shows that paired morphine treatment significantly increased fEPSP slopes at similar presyn-aptic FV amplitudes compared with saline treatment or to the unpaired group ( Fig. 6 A, Figure 5 . Alterations in synaptic distribution of AMPARs following context-dependent behavioral sensitization to morphine. A, Hippocampal tissue from saline-and morphine-treated mice was collected after context-dependent behavioral sensitization followed by a morphine challenge 7 d later (paired group). Context-dependent treatment of morphine produced an increase in pGluA1 and GluA1 in the total homogenate, whereas no effects were observed in pGluA2 and GluA2 levels. Furthermore, context-dependent treatment of morphine produced an increase in pGluA1 and decreased GluA2 levels in the PSD. B, Hippocampal tissue from saline-and morphine-treated mice was collected after context-dependent behavioral sensitization followed by a saline challenge 7 d later (paired group). Mice that received a saline challenge 1 week after context-dependent morphine treatment showed increased GluA1 and decreased pGluA2 in the PSD, whereas pGluA1 was decreased in the total homogenate. C, In contrast, no changes in synaptic GluA1 or GluA2 were observed when mice were treated with escalating doses of morphine in an unpaired design, but pGluA2 levels were increased in the homogenate. 25.74, p Ͻ 0.0001). The Unpaired Morphine Treatment versus Saline plus Morphine Challenge comparison was also significant (F (1,44) ϭ 6.42; p ϭ 0.01). Thus, context-dependent morphine treatment can produce changes in basal synaptic transmission.
Context-dependent administration of morphine followed by a saline challenge 1 week later also triggered an increase in basal synaptic transmission (Fig. 6 B; n ϭ 4 -6 per group; 5 V, t (8) ϭ 3.00, p ϭ 0.01; 6 V, t (8) ϭ 3.41, p ϭ 0.009; 7 V, t (8) ϭ 2.51, p ϭ 0.03; 8 V, t (8) ϭ 2.44, p ϭ 0.04), although this effect was less robust than that observed when animals received a morphine challenge ( Fig. 6 A) , and FV-fEPSP relationships were not significantly different between the groups (Fig. 6 B, inset; p Ͼ 0.05), suggesting that differences in electrode positioning partly account for the observed changes. It is possible that prior exposure to morphine in the drug-associated environment may elicit changes in basal synaptic transmission 1 week after morphine treatment, but these changes are further enhanced when animals receive a morphine challenge. These data, along with the biochemical data shown above, suggest that context-dependent treatment with escalating doses of morphine can alter AMPAR expression and basal synaptic transmission, but these effects are enhanced if mice receive a morphine challenge 1 week after contextdependent treatment.
In animal models, repeated morphine administration can alter hippocampal LTP (Pu et al., 2002) and can affect cell signaling molecules involved in hippocampal synaptic plasticity, such as AM-PARs (Billa et al., 2009 (Billa et al., , 2010 Moró n et al., 2010) . However, it is unknown whether context-dependent morphine treatment can produce changes in the expression of AMPARs and alter hippocampal LTP. To address this, we examined hippocampal LTP following context-dependent behavioral sensitization. When comparing the three groups during the final 10 min of recording (60 -70 min after baseline recording commenced), morphine-treated mice that exhibited context-dependent behavioral sensitization followed by a morphine challenge 1 week later had significantly impaired hippocampal LTP relative to all other groups (Fig. 6C ; n ϭ 3-5 per group; F (2,27) ϭ 321.3; p Ͻ 0.0001). In contrast, mice that received morphine in an unpaired design exhibited an intermediate change in LTP that was decreased compared with saline-treated mice, but was enhanced compared with morphinepaired animals (Fig. 6C) . Finally, contextdependent administration of morphine followed by a saline challenge 1 week later led to an impairment of LTP relative to mice that received saline throughout the behavioral experiment ( Fig. 6 D; n ϭ 4 -6 per group; t (18) ϭ 21.02; p Ͻ 0.0001). Together, the results from fEPSP recordings suggest that a learned association between morphine and the drug administration environment could saturate excitatory synaptic transmission in the hippocampus, resulting in an impairment of LTP. This impair- Figure 6 . Increased synaptic transmission and disrupted LTP following context-dependent behavioral sensitization to morphine. A, Mice treated with morphine in a paired design that received a morphine challenge showed a significantly greater fEPSP slope relative to saline-treated mice (*). Mice that were administered morphine in an unpaired design exhibited an intermediate stimulus-response slope that was significantly different from both morphine-paired mice (#) and saline-treated mice (*). B, Mice treated with morphine in a paired design that received a saline challenge exhibited a significantly enhanced fEPSP slope compared with saline-treated mice (*). The insets show fEPSP-FV relationships. C, Mice that received a morphine challenge 7 d after context-dependent morphine treatment showed disrupted LTP when compared with saline-treated mice, whereas mice that received unpaired morphine showed an intermediate effect relative to morphine-paired and saline-treated mice. D, Mice that received a saline challenge 7 d after context-dependent morphine treatment showed impaired LTP when compared with salinetreated mice. E, F, The histograms show an average percentage inhibition (mean Ϯ SEM) of EPSCs recorded from hippocampal slices. Sample traces (averages of 20 trials) were recorded before and after naspm application (100 M, 5 min). Naspm reduced the amplitude of EPSCs in mice that received context-dependent morphine treatment (*), regardless of whether a saline or morphine challenge was administered 1 week later. N ϭ 4 -6. * ,# p Ͻ 0.05, one-way ANOVA with Tukey's post hoc comparisons or unpaired t tests. Error bars indicate SEM. ment of LTP can be observed 1 week later, regardless of whether a saline or morphine challenge is administered.
A selective blocker of GluA2-lacking receptors inhibits evoked EPSCs following context-dependent sensitization to morphine
To confirm that the effects observed in biochemical and behavioral experiments were mediated by an increased insertion of GluA2-lacking receptors at the synapse, we performed whole-cell patch-clamp recordings from the CA1 area of hippocampal slices obtained from mice that received context-dependent morphine treatment followed by a morphine challenge 1 week later (Fig. 6E ). Bath application of 1-naphthylacetylsperimine (naspm), a selective blocker of GluA2-lacking AMPARs, decreased the amplitude of EPSCs in slices from morphine-paired animals by 50.2 Ϯ 13% ( Fig. 6 E; n ϭ 3-4; t (5) ϭ 4.61; p ϭ 0.006). In saline-paired mice, the blocker had no effect (n ϭ 4). Similarly, we found that naspm reduced the amplitude of EPSCs by 48.3 Ϯ 8.2% in mice that received context-dependent morphine treatment followed by a saline challenge 1 week later ( Fig. 6 F; n ϭ 3-4; t (5) ϭ 4.58; p ϭ 0.006). Therefore, these data confirm that associations between the environment and morphine administration selectively increase the insertion of GluA2-lacking AMPARs. This effect was not due to the acute administration of morphine challenge that the animals received 90 min before the recordings, but instead was due to prior context-dependent treatment with morphine.
Context-dependent behavioral sensitization to morphine requires phosphorylation of the GluA1 AMPAR subunit in the hippocampus
The present results demonstrate that repeated morphine administration can produce increases in hippocampal S845 GluA1 phosphorylation. One week later, this effect can be only observed in animals with a prior history of morphine exposure in the drug-associated environment that show a sensitized response upon receiving a drug challenge (Fig.  5) . It is possible that the acquisition and expression of contextdependent behavioral sensitization to morphine depends upon the initial increases in synaptic GluA1 phosphorylation in the hippocampus. To determine whether increased GluA1 phosphorylation is required for context-dependent behavioral sensitization to morphine, we infused a HSV vector into the hippocampus that contained a mutated version of the GluA1 subunit (S845A) in which phosphorylation at the S845 site was disrupted while levels of GluA1 remained unaltered ( Fig. 7 A, B) . Even though we did not observe a significant increase in the expression levels of GluA1 upon infusion of the HSV-S845A construct, we performed TUNEL staining to exclude any possible neurotoxic effect due to overexpression of the S845A mutant. We found no differences in TUNEL staining between mice that were infused with S845A or the lacZ control protein (Fig. 7C) . These data are consistent with a previous study that reported that infusion of S845A did not lead to increased membrane expression of homomeric GluA1 AMPARs (Choi et al., 2011) , and suggest that S845A infusion does not have a neurotoxic effect or leads to overexpression of GluA1 homomers.
To examine the role of S845 GluA1 phosphorylation in context-dependent behavioral sensitization to morphine, mice were trained 3 d after S845A infusion and were challenged with 5 mg/kg morphine 1 week later. Infusion of HSV vectors produces a peak in protein expression ϳ3-4 d after viral infusion (Barrot et al., 2002) , and the data in Figure 7B show significant disruption of GluA1 phosphorylation at the S845 site 3 d after infusion. Therefore, it is likely that phosphorylation levels of S845 are disrupted during the entire training of context-dependent behavioral sen- The area of infection is indicated by HSV-GFP-labeled neurons, and diagrams from a mouse brain atlas (Franklin and Paxinos, 2007) indicate the hippocampal regions targeted for viral infusion. B, Infusions of HSV-S845A into the hippocampus decreased S845 GluA1 phosphorylation (3 d after infection) in naive mice but did not alter total levels of GluA1. C, Representative hippocampal slices stained with TUNEL, a marker of DNA fragmentation. Overexpression of S845A did not produce any observable changes in neurotoxicity in the hippocampus 5 d after HSV-S845A infusion. D, Mice treated with escalating doses of morphine that received a HSV-lacZ control protein exhibited increased context-dependent locomotor activity when compared with all other groups, whereas morphine-treated mice that received hippocampal infusions of HSV-S845A did not exhibit context-dependent behavioral sensitization to morphine. E, Infusion of HSV-S845A disrupted the association between GluA1 and stargazin that is observed following context-dependent sensitization to morphine. N ϭ 6 -7. *p Ͻ 0.05, one-way ANOVA with Tukey's post hoc comparisons or unpaired t tests. Error bars indicate SEM.
sitization, since HSV-mediated expression returns to basal levels 6 d after infusion (Barrot et al., 2002) . Mice that received an HSV vector expressing the control protein lacZ showed increased locomotor activity after treatment with 15 mg/kg morphine ( Fig.  7D ; n ϭ 6 -7 per group; F (2,16) ϭ 23.10; p Ͻ 0.0001) and exhibited behavioral sensitization to morphine 1 week later, following treatment with 5 mg/kg morphine ( Fig. 7D ; n ϭ 6 -7 per group; F (2,16) ϭ 15.70; p ϭ 0.0002). In contrast, the infusion of S845A into the hippocampus blocked the acquisition and expression of context-dependent behavioral sensitization to morphine (Fig.  7D ). Together, these data demonstrate that associations between morphine and the drug administration environment that elicit a sensitized response upon the administration of a drug challenge critically depend upon GluA1 S845 phosphorylation. Finally, to test whether the blockade of context-dependent behavioral sensitization to morphine by the infusion of S845A was associated with changes in the interactions between GluA1 and PDZ domain-containing proteins, we performed coimmunoprecipitation studies to directly examine the association between GluA1 and stargazin in the PSD. Stargazin regulates AMPAR trafficking through its delivery of AMPARs to the surface membrane and through its interaction with PSD-95 and other PDZ-domain containing proteins (Chen et al., 2000) . The interaction between stargazin and PSD-95 is disrupted by PKA phosphorylation of stargazin (Choi et al., 2002; Stein and Chetkovich, 2010) . The association of stargazin with GluA1 was quantified by normalizing the levels of stargazin to the amount of GluA1 in the immunoprecipitate. We found that mice that received a HSV vector containing the control protein lacZ and exhibited context-dependent behavioral sensitization upon receiving a morphine challenge showed a 120% increase in the association between GluA1 and stargazin at the PSD fraction when compared with saline-treated mice (Fig. 7E ). However, this association was decreased 40% by the infusion of HSV-S845A (Fig. 7E) . Interestingly, this effect correlates with the lack of context-dependent sensitization to morphine observed after infusion with the HSV-S845A construct and suggests that disruption of GluA1 S845 phosphorylation could impair the interaction between the GluA1 subunit and stargazin, which in turn could lead to alterations of this morphine-induced behavior.
Discussion
The present study demonstrates that alterations of synaptic AMPAR expression in the hippocampus are required for morphine-induced context-dependent sensitization. We showed that the initial morphine exposure altered AMPAR expression by differentially modulating the synaptic targeting of GluA1 and GluA2 subunits. One week later, changes in synaptic AMPAR expression were only observed when repeated morphine administration was paired with the environment, regardless of whether mice received a saline or morphine challenge. Furthermore, these changes were required for the learned association between the effects of morphine and the drug administration environment, since targeted disruption of hippocampal GluA1 AMPAR subunit phosphorylation by viral transfection blocked contextdependent behavioral sensitization to morphine.
Our data highlight an importance of early morphine-induced changes in neuroplasticity, as these drug-induced changes may lead to neuronal and behavioral consequences when morphine administration is paired with a specific environment. We have previously reported that the administration of escalating doses of morphine increases the insertion of Ca 2ϩ -permeable (GluA2lacking) AMPARs and enhances hippocampal excitatory trans-mission (Billa et al., 2010) . In the present study, we demonstrated that this morphine-induced increase in GluA2-lacking receptors was due to both the synaptic insertion of GluA1-contaning receptors and synaptic removal of GluA2-containing receptors. These changes in synaptic AMPAR expression were mediated by interactions between AMPAR subunits and the synaptic regulatory proteins stargazin and GRIP1. Furthermore, the initial effects of morphine on synaptic AMPAR expression were crucial for behavioral adaptations that occurred 1 week later, as disruption of GluA1 phosphorylation by viral gene transfer prevented both the acquisition and expression of context-dependent behavioral sensitization. These data are supported by studies reporting that the initial effects of morphine can lead to neurobehavioral adaptations that can be observed at later time points (Vanderschuren et al., 2001; Borgkvist et al., 2008) and suggest that pharmacological interventions that block these initial morphine-induced changes could reduce the likelihood of dependence.
Hippocampal GluA1-containing AMPARs are critically involved in mediating context-dependent behavioral sensitization to morphine
The development of behavioral sensitization may model the intensification of drug craving in human addicts (Robinson and Berridge, 1993) , and therefore, this is a well characterized model of drug-induced behavioral plasticity (Boudreau and Wolf, 2005; Shen et al., 2006; Ferrario et al., 2010) . In the present study, we found that associations between morphine treatment and contextual stimuli could lead to changes in synaptic AMPAR expression in the hippocampus, and that these changes were selectively expressed when morphine was associated with the context. When mice received context-dependent morphine treatment and were treated with a morphine challenge, we observed behavioral sensitization to morphine, whereas treatment with a saline challenge produced a conditioned response, although this effect was less robust than that observed after a morphine challenge. Thus, context-dependent morphine treatment altered AMPAR expression at the PSD, but the pattern of changes in AMPAR expression depended upon whether a saline or morphine challenge was administered. If mice received a saline challenge after contextdependent morphine treatment, an increase in GluA1 was observed at the PSD, whereas the administration of a morphine challenge enhanced synaptic GluA1 phosphorylation. These data suggest that context-dependent morphine treatment promotes redistribution of GluA1 at the PSD, whereas the morphine challenge triggers an increase in synaptic GluA1 phosphorylation that could be required for context-dependent behavioral sensitization. In support, we demonstrated that the disruption of GluA1 phosphorylation at S845 in the hippocampus, which is thought to modulate insertion of this receptor subunit at the PSD (Colledge et al., 2000; Lee et al., 2000) , prevented the acquisition and the expression of behavioral sensitization. This effect may also be due to a disruption of protein-protein interactions between the GluA1 subunit and stargazin, a regulatory protein responsible for targeting GluA1 to the synapse (Díaz, 2010) . We found that the administration of a saline or morphine challenge produced opposing changes in GluA2 expression at the PSD, with decreased pGluA2 expression at the PSD following a saline challenge (suggesting an increase in GluA2 cell surface expression), and decreased synaptic GluA2 expression observed in the PSD after treatment with a morphine challenge. However, our results from patch-clamp experiments indicate that EPSC amplitude in both groups was decreased after application of naspm, a selective blocker of GluA2-lacking AMPARs. Thus, the data from bio-chemistry and patch-clamp experiments suggest that an overall increase in GluA2-lacking receptor insertion occurs after administration of a saline or morphine challenge.
Although changes in behavior and AMPAR expression were observed following context-dependent morphine treatment, unpaired morphine treatment did not produce behavioral sensitization and produced few changes in AMPAR expression (i.e., increased GluA2 phosphorylation in the homogenate). An increase in GluA2 phosphorylation could argue against the idea that changes in AMPAR expression were only observed if morphine was paired with the context. However, at the PSD there were no changes in AMPAR expression following unpaired morphine treatment. Overall, these data suggest that associations between contextual stimuli and morphine use can facilitate the development of morphine addiction by enhancing cravings for morphine or through increased drug-seeking behavior. This is supported by studies that reported that exposure to drugassociated stimuli or environments can facilitate relapse (Crombag et al., 2008; Van den Oever et al., 2008) , underscoring the importance of drug-associated contexts in the development and maintenance of addiction.
Hippocampal synaptic plasticity is altered following context-dependent behavioral sensitization to morphine
In the present study, we found an enhancement of hippocampal basal synaptic transmission and impairment of LTP 1 week after context-dependent morphine treatment when animals received either a saline or a morphine challenge. The effect of the morphine challenge on basal synaptic transmission was much greater relative to mice that received a saline challenge after contextdependent morphine treatment. A disruption of LTP was observed regardless of whether a saline or morphine challenge were administered, suggesting that this effect is related to prior history of morphine exposure in the environment. Together, these results suggest that prior history of morphine exposure in the context is sufficient to trigger functional changes that may be related to alterations of AMPARs. For instance, the observed alterations in synaptic transmission and plasticity may be due to an increase in synaptic insertion of GluA2-lacking AMPARs induced by repeated morphine treatment. An increase in phosphorylation of GluA1 at S845 can lead to increased channel conductance (Roche et al., 1996) . Thus, an increase of pGluA1 levels after a morphine challenge could lead to increased basal synaptic transmission as we observed in our experiments. In addition, it is likely that decreased synaptic levels of GluA2 could magnify this effect since GluA2-containing AMPARs possess lower channel conductance (Swanson et al., 1997) . It has been shown that a spike timingdependent plasticity protocol produces LTP in naive or salinetreated mice but does not induce LTP in cocaine-treated mice, and that this effect of cocaine may be due to a drug-induced saturation of AMPARs at the synapse (Ungless et al., 2001; Luu and Malenka, 2008) . Similar mechanisms may be responsible for LTP impairment in morphine-treated mice.
Although the experimental design in the present study does not allow us to conclude that the molecular changes observed 12 h after morphine administration continuously persist over time, the data obtained in this study indicate that the administration of a saline or drug challenge 1 week after context-dependent morphine treatment triggers changes in AMPAR expression, synaptic expression, and behavior, while no changes in AMPAR expression or function can be observed 1 week later, if mice receive initial morphine treatment in the home cage. In addition, the data collected after intrahippocampal infusion of the S845A GluA1 viral vector provide evidence that the initial molecular effects triggered by context-dependent administration of morphine are critical for the expression of behavioral sensitization 1 week later. Further studies may be needed to ascertain whether the administration of the challenge and/or the presentation of the drug-paired environment by themselves may have any additional effects to those triggered by the initial administration of morphine in the paired context.
Conclusions
In conclusion, we find that context-dependent behavioral sensitization to morphine is associated with changes in synaptic AMPAR expression and function that could ultimately trigger alterations in basal synaptic transmission and plasticity in the hippocampus, and that the GluA1 subunit plays a key role in mediating these sensitized responses that occur after drug administration. Several studies have reported that changes in AMPAR distribution are associated with sensitization to psychostimulants (Boudreau and Wolf, 2005; Boudreau et al., 2007; Ghasemzadeh et al., 2009) , although the majority of these studies have been performed in brain areas related to the reward pathway, such as the NAc and the VTA. In addition, previous studies reported that withdrawal from cocaine leads to potentiation of accumbal synapses through the insertion of AMPARs (Kourrich et al., 2007; Conrad et al., 2008) . These data, along with the results of the present study, suggest that the behavioral effects of opiate and psychostimulant drugs may partially depend on drug-induced alterations in glutamatergic signaling. The targeted disruption of these changes to AMPAR function may prevent the development of morphine-induced context-dependent sensitization and therefore provide support for further investigations of glutamate-based strategies for the treatment of opiate addiction.
